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Abstract
In S/N transition type Superconducting fault current limiter (SFCL), S/N transition process aﬀects the burnout and the
generated resistance during limiting operation. Thus, it is important to clarify the detail of S/N transition process. In
this study, resistive type SFCL by use of YBCO thin ﬁlm is focused, and temperature distribution on YBCO thin ﬁlm is
measured during S/N transition. RuO2 chip resistors are used as the thermal sensors. The temperature is measured on 30
points, and heat generation process is observed with the temperature distribution. In addition, the potential distribution
on thin ﬁlm is measured in same condition as temperature measurement. Temperature distribution is compared with the
potential distribution to examine the accuracy of the temperature measurement results.
c© 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of Horst Rogalla and Peter Kes.
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1. Introduction
1.1. Background
The power grid will become more complex due to large penetration of distributed generation systems
such as photovoltaic cells, wind turbines and combined heat and power system, etc.. In complicated power
grid, fault current that ﬂows in the grid will become larger. If the fault current exceeds a certain level,
not only circuit breakers but also other equipment such as disconnectors, insulators, and so on, should be
replaced not to broken down by generated heat and electromagnetic force caused by fault current in complex
power system. Fault current limiters (FCLs) are expected to be installed in order to reduce fault current in
such condition. Superconducting fault current limiters (SFCLs) are FCLs by use of superconductor. SFCLs
have several advantages compared with other type FCLs, such as,
• Low energy loss at normal operation
• High speed operation
• No need of detector
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Fig. 1. Thin ﬁlm used in experiments
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Fig. 2. Structure of YBCO thin ﬁlm
YBCO thin ﬁlm is one of the major superconducting materials used in SFCL. In this study, a resistive
type SFCL by the use of YBCO thin ﬁlm is focused. YBCO thin ﬁlm has several advantages compared with
other superconducting materials.
• High resistance under normal conducting state
• operation at liquid nitrogen temperature
• Large speciﬁc heat compared with alloy wire
On the other hand, YBCO thin ﬁlm has some problems.
• It is not large enough to limit fault current with one thin ﬁlm at this point.
• Critical current density and n value distribution have non-uniform characteristics on a thin ﬁlm.
For these reasons, YBCO thin ﬁlms should be carefully connected in series and parallel according to
their characteristics to construct FCLs used in power system. There is a risk that one of the thin ﬁlms that
compose FCL are in high voltage or large current condition. It causes the burnout in the worst case. In the
previous studies, the burnout frequently occurs during S/N (Superconducting/Normalconducting) transition
caused by overcurrent. Therefore, the clariﬁcation of S/N transition process is important to design SFCLs.
1.2. Structure of YBCO element used in the study
Fig.1 shows YBCO element used in this study. The size of the element is 30×210 mm. YBCO element
has laminated structure shown in Fig.2. An FCL is composed of a parallel resistor and YBCO elements
connected in series and parallel. In normal condition of power systems, all current ﬂows through thin ﬁlm’s
YBCO layer, because YBCO layer is superconducting state and its resistance is almost 0Ω. When fault
current ﬂows through FCL, YBCO layer changes from superconducting state to normalconducting state. As
a result, circuit current ﬂows through YBCO layer, Au-Ag alloy and parallel resistor in fault condition. In
this period, the heat is generated in the YBCO element by the current ﬂowing through YBCO layer and Au-
Ag alloy. Thin ﬁlm’s sapphire substrate has high heat conductivity. Generated heat in a thin ﬁlm is mainly
released via its Sapphire substrate and Au-Ag alloy to liquid nitrogen. If temperature of YBCO layer falls
below critical temperature, YBCO layer will change from normalconducting state to superconducting state
again.
2. Method of measurements
2.1. Thermal sensor
In this study, temperature distributions on a YBCO thin ﬁlm were measured during S/N transition.
When heat is generated in YBCO thin ﬁlm in liquid nitrogen, the bubbles will be generated by the heat
on the surface of thin ﬁlm. There are some studies that the bubbles on YBCO thin ﬁlm are observed with
high speed cameras, and estimate the heat generated area[1]. However, there are few studies that thin ﬁlm’s
surface temperature are measured directly.
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Resistant material Ruthenium dioxide (RuO2)
Size of resistor 0.5×1.0×0.35 mm
Resistance value (at room temperature) 36kΩ
Constant current value 100μA
Table 1. Speciﬁcation of chip resistor
Terminal
Chip resistor
Fig. 3. Sensor array board
RuO2 chip resistor was used as the sensor for measuring temperature in this study. Table 1 shows
speciﬁcation of chip resistor. Constant current (100μA) ﬂows through chip resistor during measurements.
RuO2 chip resistor has higher resistance at low temperature than that at high temperature. The resistance
change rate with temperature is high at very low temperature. In these reasons, RuO2 chip resistor is often
used as thermal sensor at low temperature. The speed of sensor response is related to the size of resistor.
In this study, small size (0.5×1.0×0.35 mm) resistor was chosen to obtain high speed response. When
temperature of chip resistor changes, voltage between both ends of resistor will be also change. If the
constant current ﬂows through the resistor, the temperature can be calculated from the measured voltage and
current value. Sensors were put on 3×10=30 points of the printed circuit board as shown in Fig.3. During
measurement, the board was pressed to the Sapphire substrate of YBCO thin ﬁlm. The Sapphire substrate
has high heat conductivity at low temperature and be insulated electrically from conduction area.
2.2. Conversion to temperature from measured voltage
RuO2 has nonlinear relation between the resistance and temperature. But in this study, linear approxi-
mation based on measurement results of two temperature points is used to calculate temperature; First point
is room temperature (283 K) and, second point is liquid nitrogen temperature (77 K). At each temperature,
the average of 30 points data was used for approximation. The calculating equation used in this study is
following;
T = 1.3 × 103 × ΔV + 77 (1)
ΔV is amount of voltage change from the voltage at liquid nitrogen temperature (77 K). There is a time
delay from change of thin ﬁlm’s temperature to change of resistor’s voltage. In all sensors, the time delay is
assumed as 50 msec based on measurement results in preliminary test.
3. Experimental results
3.1. Condition of experiments
The temperature distributions were measured in two conditions. First one is the commercial frequency
condition (50 Hz AC), and second one is the low frequency condition (250 and 125 mHz AC). The diﬀerent
overcurrent generators are used in each experiment. In both conditions, the parallel resistor was connected
with YBCO thin ﬁlm in parallel. YBCO thin ﬁlm is set in the cryostat ﬁlled with liquid nitrogen. The
temperature of thin ﬁlm was measured in 30 points when the overcurrent ﬂows through. Fig.4 shows the
points of measurement.
The resonant circuit shown in Fig.5 was used in commercial frequency condition experiment to generate
sinusoidal 50 Hz current. Switch1 is closed after the capacitor has charged to a certain voltage E, and the
range of the charging voltage was from 250 to 600 V. The current amplitude depends on voltage E. To
 K. Hattori et al. /  Physics Procedia  36 ( 2012 )  1236 – 1241 1239
obtain just one cycle current, Switch2 was closed to dump the current. In this experiment, the amplitude of
overcurrent was from about 200 to 400A. The resistance of parallel resistor is 1 Ω.
In the low frequency condition, the circuit used in the experiments is shown in Fig.6. The current source
can output current with variable amplitude and frequency. Waveform of overcurrent was also sinusoidal
wave, and its amplitude was about 100 A. It ﬂowed through thin ﬁlm and parallel resistor during one cycle
period. Current frequency was set as 125 mHz or 250 mHz. The resistance of parallel resistor is 0.5 Ω.
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Fig. 5. Experimental circuit (50 Hz)
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Fig. 6. Experimental circuit (low frequency)
3.2. Results
In the commercial frequency condition experiment, the resistance generation and S/N transition were
conﬁrmed by ITF and VTF curves. However, the change of thin ﬁlm’s temperature was not observed due to
small amount of generated heat. In this condition, the heat generation period was too short to measure the
temperature change by use of RuO2 resistor.
In low frequency condition experiment, the temperature distribution could be measured in 250 mHz
and 125 mHz condition. Current and temperature waveform in 125 mHz condition is shown in Fig.7.
The limiting operation started at about 2 sec. Blue curve shows the change of temperature of the point
(C9:x=10-20 mm, y=168-179 mm) where the highest was recorded. The temperature reached about 275
K at most in this point. The temperature rises sharply after starting limiting operation. In same condition,
the temperature distributions were measured several times to conﬁrm the reproducibility of measurement.
Fig.8 shows the comparison between two measurement results. These measurement results were matched
well in each area. For this reason, the reproducibility of measurement was conﬁrmed. Fig.9 and 10 are
temperature distributions in 250mHz and 125 mHz. In each frequency, the temperature rose in a local area
of thin ﬁlm. From these results, it is assumed that YBCO thin ﬁlm changed to normalconducting state in
local area during ﬁrst half cycle of overcurrent.
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Fig. 7. Current and temperature waveform (125 mHz)
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Fig. 8. Comparison between two measurement results (125 mHz)
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Fig. 10. Temperature distribution (125 mHz)
4. Comparison between temperature and potential distribution
4.1. Potential distribution
In previous studies, the method to measure potential distribution of thin ﬁlm was proposed[2], and po-
tential distributions were measured in 50 Hz condition. But, the potential distribution in the low frequency
condition had not been measured. The potential distributions were also measured in low frequency condi-
tions. The potential diﬀerences between two measurement points were measured. The measurement points
are shown in Fig.11(above). And, potential distribution map data were calculated from measured potential
diﬀerence(Fig.11(below)). The critical current density (JC) map measured by AIST of this thin ﬁlm is shown
in Fig.12.
The change of potential distribution in 125 mHz overcurrent is shown in Fig.13, and detail change from
2.0 sec to 2.2 sec is shown in Fig.14. In the early period (from 2.04 sec to 2.06 sec), the S/N transition
area spreads in direction perpendicular to current ﬁrst. It is assumed that this spread is caused by following
phenomena. First, the area where JC is the lowest changes to normalconducting state by the overcurrent.
The resistance increases on S/N transition area, and the current bypasses the resistance increased area.
Because the bypassing current makes current of other area nearby the resistance increased area large, the
S/N transition area likely spreads in direction perpendicular to current. In the next period (after 2.08 sec),
the S/N transition area spreads in current direction. It is assumed that this spread is caused by heat diﬀusion.
These spread process of S/N transition area were assumed in the previous study[1]. And, the spread in
direction perpendicular to current has already been observed[2]. On the other hand, the spread in current
direction had not been observed. In this study, it could be observed in low frequency condition.
4.2. Comparison between temperature and potential distribution
Temperature distribution was compared with potential distribution. Temperature risen areas match with
potential risen areas approximately. In potential distribution, (y=147-189 mm) area’s potential is higher
than other areas. And, similar area’s temperature also rise to high value. On the other hand, there are the
areas that don’t match between temperature and potential risen area. Potential risen areas spread in large
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Fig. 14. Potential distribution (2.0∼2.2 sec)
part (y=84-210 mm). Though, temperature risen areas is limited narrow part. It is assumed that, as the
causes for mismatch, some temperature sensors were not pressed to thin ﬁlm completely, or that the amount
of generated heat in these areas is small.
From potential distribution, it is assumed that current direction spread is caused by heat diﬀusion, but
the reason of S/N transition such as critical current density or temperature can’t be identiﬁed. In temperature
distribution, several area’s temperature is risen more than critical temperature. And, the change of current
that ﬂows through thin ﬁlm (ITF) is small during current direction spread period as shown in ﬁg.7 and 14.
For these reasons, it is conﬁrmed that the heat diﬀusion contributes to S/N transition.
5. Conclusion
In this study, the temperature distribution on YBCO thin ﬁlm were measured by use of Ru2 chip re-
sistor. The temperature distribution could be measured with this method in low frequency condition. It
was conﬁrmed that the heat was generated on a part of thin ﬁlm in limiting operation. The potential dis-
tributions were also measured in low frequency condition, and temperature and potential distribution were
compared. Temperature risen area matches with potential risen area approximately. On the other hand, there
is a mismatch between temperature and potential distribution. In future works, new method of measuring
temperature ,such as with thermocouples, will be tried to measure with high accuracy. And, the thermal
equation will be analyzed with temperature and potential distributions during S/N transition.
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